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ANALYTTCAT, AND EXPERTIMENTAL STUDY OF POOL HEATING OF
LTQUID HYDROGEN OVER A RANGE OF ACCELERATTIONS

by Robert W. Graham, Robert C. Hendricks,
and Robert C. Ehlers

Iewis Research Center

SUMMARY

Pool heating of liquid hydrogen in the subcritical and supercritical pres-
sure states has been investigated at Earth gravity and multigravities. Accel-
eration does influence the incipience of nucleate boiling but does not affect
established nucleate boiling, The film-boiling heat transfer is influenced by
multi-~g accelerations.

A mechanism similar to boiling was evident for hydrogen in the supercriti-
cal and near-critical state. Acceleration magnitude influenced the heat trans-
fer in this fluid regime. High-speed motion pictures of the heat-transfer
processes were taken in both the suberitical and supercritical pressure states
at Earth gravity and multigravities.

TNTRODUCTTICN

Pool heating of cryogenic fluids, and particularly liquid hydrogen, can be
encountered in numerous space vehicle design applications. Such a vehicle may
experience a variety of body accelerations, which can range from zero to 10 or
more g's. Consequently, information on the manner in which the local gravity
influences heat transfer is needed. In addition, the observed gravitational
effects on the heat transfer of any fluid are useful in evaluating conceptual
models of such processes as nucleate and film boiling.

A limited amount of heat-transfer data for the pool heating of liquid hy-
drogen appears in the literature (cf., refs. 1 to 4). The pool boiling of many
fluids other than hydrogen is extensively reported in the literature, Several
well-known correlations for predicting pool boiling heat-transfer rates have
been profferred (ref. 5). It cannot be assumed a priori that these correla-
tions can be applied to boiling hydrogen.

In the boiling regime, several investigations have been made concerning
the effect of gravity on the mechanism of boiling. Siegel and Usiskin (ref. 8)
conducted an experiment with water at zero or near-zero gravities. Similar



experiments with hydrogen and nitrogen were reported in references 1, 6, 7,
and 8 for the low-gravity condition. Several investigators have studied boil-
ing and burnout in multigravity conditions (refs. 9 to 13), but none of the
studies has been with hydrogen.

The object of the experiments reported herein was to assess the effects of
multigravity on both the boiling and supercritical heating of liquid hydrogen.
Measurements were taken to determine (1) the amount of energy going into the
heater, (2) the heater surface temperature at three locations, and (3) the bulk
hydrogen temperatures and pressures. High-speed photographs, including shadow-
graphs, were taken of the fluid during heating. The high-speed movies were
valuable in gaining insight into the mechanism of heat transport. Motion-
picture supplement C-224 has been prepared and is available on loan. A request
card and a description of the film are included at the back of this report.

The effects of heater geometry on the heat-transport mechanism were also as-

essed,

SYMBOLS
A area, sq Tt
c heat capacity, Btu/(lbm)(oF)
ch specific heat, Btu/(lbm)(oF)
g acceleration due to gravity
g constant for converting from force to mass units
h heat-transfer coefficient, Btu/(sq ft)(hr)(°F) or Btu/(sq in.)(sec)(°F)
i current
K arbitrary constant
k thermsl conductivity, Btu/(£t)(hr)(°F)
L length, ft
M constant used in ref. 20, 274 £t™T
Nu Nusselt nunber
n number of g's
P correlation parameter used in ref. 20, hr/Btu

Pr Prandtl number, cpu/k

P pressure



Po pressure of 1 atm

Q heat rate, Btu/hr or Btu/sec

Qgen electrical power generated

th heat transferred

q heat flux, Btu/(sq ft)(hr) or Btu/(sq in.)(sec)
width of heater, ft

r electrical resistivity, (ohm)(ft)

Ra Rayleigh number of free convection, gp ATLS/av

T temperature

v voltage

w width, ft

X thickness, ft

o thermal diffusivity, k/pcp, sq ft/hr

B coefficient of bulk expansion

A heat of vaporization, Btu/lb

U dynamic viscosity, 1b/(ft)(hr)

1% kinematic viscosity, sq ft/hr

o density, 1b_/cu ft

o surface tension, Ibf/ft

Subscripts:

b bulk

c critical

i inner

1 liquid

sat saturation

v vapor

W wall

0 reference




APPARATUS
Overall Apparatus

Figure 1(a) is a sketch of the 4-foot arm centrifuge used to impose the
varying multi-g acceleration forces on the fluid., The centrifuge was rotated
by an air turbine, and the speed was measured with an electronic frequency
counter. The mounting of the tank and high-speed motion-picture camera at the
end of the arm is schematically shown in figure 1(a).

The tank and the heating element are shown in figure 1(b). The tank was
approximately 2 quarts in volume and was equipped with observation and illumi-
nation windows for the photography. The tank was mounted on a free-rotating
trunnion arrangement (see fig. 1(a)) that automatically enabled the tank-heater
assembly to be oriented so that the resolved acceleration vector (gravitational
plus centrifugal) was perpendicular to the heater surface,

The tank was constructed like a Dewar in order to contain the liquid hy-
drogen. The inner tank, which actually held the hydrogen, was insulated with
spaced laminations of aluminum foil. A vacuum was maintained in the void
regions between the layers of foil. As shown in figure 1(a), the vacuum pump
rotated with the arm to maintain this vacuum., Provision was made for pres-
surizing the Dewar and controlling this pressure to some preset value. A bleed
line and a pressurizing line were required to make this possible. The bleed
line was connected to an atmospheric vent that rotated with the apparatus, A
strain-gage transducer was used to measure the tank pressure.

Heater

Two heater geometries were employed. Schematic drawings of these are
shown in figure 1(c). In one geometry, the heater surface is surrounded by a
plastic shield; in the other, it is not. All other features of the heater,
such as the heater ribbon geometry and instrumentation, are identical. A part
of the investigation was to assess the effect of the shield on the heat-

transfer results.

A cross-sectional view of the heater block and its associated surface tem-
perature instrumentation is shown in figure 1(d). The heating element was a
thin (0.,0060-in. thick) Chromel A ribbon mounted over a Bakelite block. The
ribbon was tension-mounted with springs on each end and was cemented to the
surface of the Bakelite block. The purpose of the tension mounting was to pre-
vent buckling of the strip when it expanded during heating., By virtue of this
mounting, the ribbon heated the fluid from one side only. An alternating-
current power source furnished the electrical energy to the ribbon. The cross-
secticnal area of the ribbon was considered to be very uniform from end to end;
thus a uniform heat flux was developed over the entire heater length by resis-

tive heating.

Considerable difficulty was incurred in developing a thermocouple system
that would measure the surface temperature of the heater reliably. The hydro-
gen pool was found to be the optimum location for the cold Jjunction. It is well
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knovn that the electromotive force output from an ordinary thermocouple decays
to a small amount at liquid-hydrogen temperatures. Consequently, it was diffi-
cult to measure small differential temperatures between the hydrogen and the
heater, It was desired that local surface temperatures be measured, however,
and the use of a thermocouple seemed to be the most feasible technique for ob-
taining the temperature of a very small contact area. Chromel-constantan was
chosen as the thermocouple material because it provided approximately 50 per-
cent greater electromotive force output than copper-constantan, and the junc-
tion 1s easy to spot-weld.

As is shown in figure 1(d), the three thermocouples were spotted on the
back surface of the heater ribbon; this was done to minimize any surface
changes provoked by the couple mountings. A small error in actual surface tem-
perature would be incurred, but this was preferred to any alterations in sur-
face conditions that could affect drastically the boiling characteristics of
the surface. To minimize the conduction of heat away from the thermocouple
Junction through the leads, l/Z-mil—diameter thermocouple wire was used. This
small-size wire aggravated the installation problem. The cold Junctions of the
thermocouple were immersed in the hydrogen pool of the Dewar (see fig. 1(4)).
Thus the heater thermocouples indicated a temperature difference between the
metal temperature and the hydrogen pool; the pool temperature was measured with
two carbon resistance probes., The thermocouple output was then amplified by
differential amplifiers isolated from common ground, one-hundred-fold for the
nucleate-boiling study and sevenfold for the film-boiling portions.

Before this thermocouple system (thermocouples, cold junctions, and ampli-
fiers) was evolved and adopted, there were many hours of preliminary running to
check the system. Some of the early preliminary data did not agree with the
limited amount of boiling data in the literature. After a careful step-by-step
check of the thermocouple system it was found that stray electromotive forces
were being introduced in connectors through the vacuum seal of the Dewar. The
connectors linked the so-called hot junction to an external cold junction in a
boiling nitrogen bath. By moving the cold junction inside the Dewar, this pro-
blem was eliminated and the boiling curves cbtained corresponded more closely
to those obtained by other investigators. Appendix A contains a comparison of
various sources of nucleate-boiling data for hydrogen (refs. 1 to 4). As a
further check on temperature measurement, a special heater block was made that
was instrumented with a small carbon resistor as well as with thermocouples.
The temperature measurements of the two devices were compared and were found to
agree closely (within 0.5° R). The carbon resistor, even though more suitable
for cryogenic temperature ranges, was considered unsatisfactory for general ex-
perimental purposes because of its size.

It was anticipated that the sliprings might introduce some error into the
temperature measurements, so tests were run in which the sliprings were by-
passed, and these results were compared with spinning and nonspinning runs in-
volving the sliprings. In fact, the entire instrumentation was evaluated in
this process to avoid slipring errors. It was found that the sliprings did not
introduce errors into the recording system. The remaining instrumentation, not
mentioned thus far, included voltage taps and current leads on the heater rib-
bon for heater electrical power measurement.



Recording Devices

Two recording systems were employed in gathering the data reported herein;
one was a digital potentiometer, and the other was an oscillograph. All of the
basic measurements, including pressure, temperatures, and electrical energy,
were transduced to electrical outputs. During most of the running time, a
digital potentiometer was used to record these outputs. The digital potenti-
ometer was capable of recording approximately 18 words per second. The actual
recording period for a steady-state point was long enough so that each surface
thermocouple output was recorded 20 to 30 times. The tabulated differential
temperatures represent an arithmetic average of these data. Some of the runs,
however, were recorded on an oscillograph, principally those involving high
driving temperatures as encountered in film boiling and heating of super-

critical hydrogen.

PRECISION OF MEASUREMENT

Estimating the precision of the data recording is difficult. In a record-
ing system like this, many extraneous errors can be introduced through the com-
plexity of the electronics. For example, such things as electrical grounds of
various levels will introduce stray electromotive forces into the data output.
Also, as was pointed out in the discussion of the heater thermocouples, the
heater surface thermometry is being pushed into a temperature region below the
accepted applicability and practice. For instance, it is generally recommended
that platinum or carbon resistors be used for temperature measurement in the
cryogenic regime, The recording instruments were of high precision; the
digital potentiometer is rated as possessing a l/4—percent error at full scale.
Perhaps the most difficult measurement uncertainty to assess was the surface
temperature accuracy because of the location of the recording thermocouples
underneath the heater ribbon. A simpiified conduction analysis of the tempera-
ture gradient across the thickness of the ribbon was computed for a range of
heat fluxes (see appendix B). TFor the higher heat fluxes
(g = 0.1 Btu/(sq in.)(sec)), the correction appears appreciable (about 2° R).
Table I contains a data column that incorporates this correction. The analysis
considers only the temperature difference attributed to the thermal conductiv-
ity of the ribbon. Other effects related to the attachment of the thermocouple,
such as conduction losses along the thermocouple wire and the mass of the
thermocouple junction with its associated thermal and electrical resistivity,
were not considered in the analysis. It is felt that such corrections are

second order.

The bulk temperatures and pressures of the saturated hydrogen pool were
compared with National Bureau of Standards data for para-hydrogen (ref. 14).
For some of these checks both a precision platinum and a carbon resistor probe
were used. Some deviation from the NBS data was observed. The error in tem-

1
perature was approximately 13 percent (0.5° to 1° R absolute error at 100

1b/sq in. a@bs). Thermal stratification of the fluid in the tank was observed
(see appendix C). The relatively small volume of the tank and the observation
windows contributed to an apprecigble heat leak. Consequently, the tank did
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Figure 2. - Heating curve for subcritical (saturated) and supercritical para-hydrogen. Earth gravity.

not provide an equilibrium condition for the measurement of bulk temperature.

Although reproducibility of measurements is not an absolute indication of
accuracy, reproduction is necessary for any confidence in the data. TFor the
most part, the data did seem to reproduce quite well even in the difficult
nucleate portion of the boiling curve (see fig. 2). It is estimated that the
overall accuracy of measurement falls somewhere between 2 and 5 percent. This
represents an integrated judgment of the precision of the data-taking system.

PROCEDURE

In general, the procedure was to study first the high-speed motion pic-
tures and heat-transfer data obtained from a heater ribbon in ordinary gravity.
Then the multigravity experimentation was programed at thermodynamic conditions
comparable to those experienced at 1 g. Generally, a multi-g and a l-g run
were made consecutively for the most meaningful comparison.

As might be surmised, operation of the facility was appreciably more dif-
ficult at multi-g conditions than at ordinary gravity. It was much more dif-
ficult to hold steady thermodynamic conditions in the Dewar.

Generally, the procedure for getting the multi-g data was identical for
the subecritical and supercritical pressure states. The centrifuge rotational



speed was set at a predetermined value, and the heat flux to the heater ribbon
was varied over a number of power increments. The experimental conditions
covered included the following:

Hydrogen pressure, Ib/sq In. @b8 & 4 ¢ 4 ¢ ¢« ¢ « o o o s o o s s s« B0 to 260
Hydrogen temperatures, OR © e s e s s s e s e s s e s e s e s 451070
Heat flux, q, Btu/(sq 1n.)(sec) G+ o s o s & e s 4 s s e s s s e s . upto0.2

The accelerations studied varied from 1 g to approximately 10 g's.

RESULTS
Comparison of Heating Curves for Subcritical and Supercritical States

The multi-g effects can be assessed by comparing multi-g and 1l-g data.
Unless otherwise specified, all of the local heat-transfer dats reported herein
are for the center station of the heater block. This selection would tend to
eliminate end effects that could influence the two extreme stations.

For the convenience of the reader, the basic data as recorded are presented
in taeble I. Also included in table I are differential temperatures and heat
fluxes that are corrected for estimated errors in the measurement of these
quantities. (See appendix B for a detailed discussion of the methods of cor-
rection.) In some saturation cases, the bulk temperature does not agree with
the NBS saturation data, Maximum dev1at10n is approximately 1° R (see the
section PRECISION OF MEASUREMENT).

Figure 2 shows the heating curves for hydrogen obtained with the heater
block shown in figure 1(c) in both the subcritical- and supercritical-pressure
regimes in an Earth gravity environment (gravity vector normal to the heater
surface). Only saturated subecritical data are shown. In general, this figure
looks quite similar to comparable plots for other fluids such as Freon
(ref. 15) and water (ref. 16). There are a number of interesting features in
this figure. First, there is a very steep portion of the heating curve
(lebeled A) associated with various nucleate-boiling mechanisms. The level of
the temperature difference (Tw - Tb) associated with nucleate boiling is a
function of pressure; the AT decreases with increasing pressure. Further,
there is a film-boiling region (labeled B) that extends over an extensive range
of heat fluxes and driving temperatures. In the strictest sense, the "film-
boiling region" involves a transition from nucleate to film boiling, and liguid
wets a part of the wall over most of the region. WNo physical burnout of the
heater was encountered over the range of conditions presented in figure 2, At
the higher driving temperatures, it should be observed that the film-boiling
and supercritical data tend to merge into one band. Apparently, the mechanisms
for the heat transport are similar for both fluld states. There appears to be
a pressure dependency on film boiling, This has been cobserved with other

fluids.

Associated with the development of the boiling curves was an observable
hysteresis phenomenon that influenced the data points in transition from
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nucleate to film boiling. More will be said about the hysteresis phenomenon in
a later paragraph. The hysteresis effect did enable more data to be gathered
in the transition region between nucleate and film boiling by extending the
film-boiling curves to lower heat fluxes. When the heat flux was being in-
creased during the test procedure, a discontinuous jump from the nucleate- to
the film-boiling region tock place, This is not to imply that a true discon-
tinuity in the boiling curve exists. The jump occurred because heat flux,
instead of wall temperature, was the controlled varisble, By gradually de-
creasing heat flux, data points within the transition gap could be obtained,
and several of these appear on this figure as half-filled points.

Returning to a discussion of the nucleate portion of the curve, it is
obvious that only a small driving temperature is required for the nucleate
boiling of hydrogen. TFor saturated water, the driving temperature in nucleate
boiling i1s an order of magnitude higher. It is also observed that pressure
level, or rather proximity to critical pressure, has a pronounced effect on the
nucleate portion of the boiling curve. As the pressure level approaches the
critical value (from the low side), the span of heat fluxes associated with the
nucleate-boiling curve decreases, until at (or near) critical pressure there
is no steep-sloped nucleate curve., Since the heat of vaporization of hydrogen
diminishes with increasing pressure, it may be postulated that the enhanced
heat-transfer rate in the nucleate regime is related to the evaporation process.
Whether evaporation or the stirring action of bubbles controls the enhancement
of heat transfer in nucleate boiling is still a debatable issue. These hydro-
gen data seem to corroborate recent reports (refs. 17 and 18) that emphasize
the importance of evaporation.

Effect of Subcooling on Boiling Curve

Although it was difficult to achieve steady-state experimental conditions
with subcooling, some subcooling data in EBarth gravity were obtained. The
maximum subcooling was of the order of 5° R. Nevertheless, this small amount
of subcooling sponsored appreciable changes in the nucleate-boiling curve, as
is shown in figure 3. Such a shift in the curve toward higher temperature
differences would be expected from nucleation theory (ef., ref. 19) or from an
examination of the large amount of subcooled boiling data in the literature for
other fluids. It can be concluded that the degree of subcooling is very im-
portant in controlling the nucleate-boiling process (particularly incipience)
in liquid hydrogen.

Hysteresis Phenomenon in Boiling Curve

In general discussion of figure 2, it was mentioned that a hysteresis
phenomenon was encountered in generating the overall boiling curve. Fig-
ure 4 shows some typical hysteresis curves obtained with saturated hydrogen.
The open symbols represent data points taken while the heat flux was being
incrementally increased; the half-filled points represent data taken while the
heat flux was being incrementally decreased.

In the operation of the test rig, the operator would incrementslly change
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Figure 3. - Effect of subcooling on boiling curve for para-hydrogen. Earth gravity.

the heat flux. While operating on the nucleate portion of the curve, an upper
limit was observed. An increase in heat flux caused sudden transition to the
film-boiling portion of the curve., Higher heat-flux points could be cobtained
in the film-boiling region. Reducing the heat flux would produce another sud-
den transition back to the nucleate portion of the curve. This lower limit
was observed to be approximately equal to or less than the heat flux of the
upper limit of nucleate boiling. The arrows in figure 4 indicate the mode of

operation during one hysteresis cycle.

As observed in reference 13, the history of the thermal layer has much to
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Figure 5. - Patterns of vapor release in nucleate and film boiling of liquid hydrogen.

do with the nature of the boiling curve. Visualization of the boiling process
during a hysteresis excursion supported this observation. Figure 5 is a sche-
matic of the bubble or vapor release patterns observed with liquid hydrogen.
(High-speed motion pictures showing these are included in the film supplement
to this report. Starting with a low heat flux, many small bubble nuclei left
the surface (fig. 5(a)). When the heat flux was increased, these small bubbles
tended toward a columnar pattern (fig. 5(b)). The columnar pattern became more
and more distincet as the heat flux increased. The positions of the columms on
the surface did not remain fixed; they tended to oscillate laterally and rapid-
ly over a small area. The end of the nucleate-boiling regime was often her-
alded by a wisp of vapor that suddenly lifted from the whole surface. Perhaps
this wisp of vapor signified the end of any appreciable wetting of the heater
surface, Immediately thereafter, a film-boiling phenomenon was observed in
which a vapor layer covered most of the surface and large bubbles of vapor rose
in a columnar pattern (fig. 5(c)). These film-boiling columns appeared more
established than the nucleate variety. There did not seem to be as great a
tendency toward lateral oscillation as was observed in the nucleate case,

There was a definite reduction in the number of columns as heat flux increased;
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along with this, the size of the individual vapor bubbles comprising the col-
umns did increase. It almost seemed as if the increased heating was pushing
the columnar pattern to a single column of very large bubbles. In fact, in
some preliminary runs, a single vapor chimney was observed.

Decreasing the heating rate from some initial high value showed that film
boiling would persist below the heat flux where it started for positive addi-
tions of heat-flux increments (see fig. 4). Apparently, the gaseous film would
resist the establishment of the wetting film associated with nucleate boiling.
This boiling hysteresis possesses similar characteristics to many other physi-
cal phenomena such as magnetic induction or flow transition between laminar and
turbulent flow. An energy barrier seems to have to be overcome in transition-
ing between stable states. The transition back to the nucleate columns was not
as visually dramatic as the reversed process when a sudden curtain of misty
vapor arose. The nucleate-boiling colums could be distinguished from the
film-boiling ones by the smaller sized bubbles, the more cbvious oscillation of
the columns, and the absence of a thick vapor film over the surface,

Multigravity Effects on Nucleate and Film Boiling

7-g nucleate-boiling data are compared to Earth gravity data at two saturation
conditions, pressures of 52 and 90 pounds per square inch absolute. The com-
parative 1l- and 7-g runs were made sequentially, and considerable care was
exercised in making the thermodynamic conditions similar, Tank pressure and
fluid temperature were carefully monitored before data were taken.

Actually there are three separate heating curves in figures 6(a) and (b)),
all of which were generated by incrementally increasing the heat flux. The
experimental procedure is significant to an interpretation of the comparative
data on these plots. First, the Earth-gravity data (curve A) were obtained
with a freshly filled Dewar. In the filling procedure, the Dewar was contin-
uously vented to the atmosphere until it would retain a liquid level far above
the heater surface. This assured that the inner tank of the Dewar and the
heater were in close thermal equilibrium with the hydrogen. Then, the heater
surface could be considered to be at liquid-hydrogen temperature. After the
l-g run, the hydrogen Dewar was refilled, the initial thermodynamic conditions
of the hydrogen and the heater were reproduced, and the multi-g curve (curve B)
was generated. Finally, curve C represents a multi-g repeat that followed
immediately after the generation of curve B without a refill. The initial con-
ditions pertaining to curve C were quite different from those of B. The heater
was not given adequate time to cool down to the liquid-hydrogen temperature.
Also, vapor residue must have been present at the sites. The only certain
rapid way of eradicating this residue would have been to refill the Dewar.

A comparison of curves A and B on each plot shows that there is definite
movement of the nucleate incipient conditions to a somewhat higher AT. These
multi-g curves also show a steeper slope of the nucleate curve. As seen in
figure 6, curve B generally crosses the l-g curve and thereafter remains some-
what higher than the 1l-g curve,

14
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Figure 6. - Effect of multigravity accelerations on nucleate boiling for saturated para-hydrogen.
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Figure 6. - Concluded. Effect of multigravity accelerations on nucleate

boiling for saturated para-hydrogen.
’ It can be concluded from

figure 6 that a multi-g environ-
ment can shift the incipient point of nucleate boiling, but once the boiling
has been established, the body force environment does not greatly affect the
boiling curve. (There is little spread in the temperature difference for both
Earth gravity and multigravities.) This has been confirmed in figure 6(c),
which includes 3- and 10-g data. Each curve was generated with a fresh fill of

hydrogen.

It has also been learned that the boundary-layer history also markedly in-
fluences the boiling curve in the vicinity of the incipient point. Thus it may
be concluded from these data that the history and initial condition of the
thermal layer are at least as significant as the body force effect in control-
ling nucleate-boiling incipience. This observation is consonant with what has
been observed for subcooling and the hysteresis phenomenon effects.

Tt should also be noted from figure 6(c) that the upper end of the nucle-
ate curve shows some tendency to move to higher heat-flux values at multi-
gravities. This can be interpreted as an indication that free convection is
becoming important in this region of the boiling curve.

Film boiling. - A much more definite body force effect on film boiling was
noted that persisted over the entire range of film-boiling conditions investi-

16



22—
Film
Nucleate boiling
1 boiling
08—
7/
06—
2
S ]
=
3
E] 02l— Run Acceleration  Pressure,  Bulk tem-
@ due to gravity, p, perature,
et g's Ib/sq in. abs Ths
»
o 01— / R
B el [4d—O0— w2019 1 52.5 46.4
= - ] —{3—— 2983 to0 3003 1 49.5 45.8
006t [ ——-—A-—— 3006 to 3024 1.5 52.3 46.5
Open symbols denote 1-g run
-004— Solid symbols denote multi-g run
o
02 |11 | L1 ! |
2 4 6 8 10 20 40 60 80100 200 400

Temperature difference, T, - Ty, °R

Figure 7. - Effect of acceleration on curves for film and nucleate boiling of
saturated para-hydrogen,

gated. Figure 7 shows a comparison of 1- and 7.5-g data in the film-boiling
region. The associated nucleate data are shown for comparative purposes. A
comparison of the heat fluxes for a given AT shows that the 7.5-g data are
consistently about 12 to 15 percent above the l-g data. In obtaining these
data, both increasing and decreasing heat-flux experimental procedures were
used. Regardless of which procedure was used, the data are reproducible,

Figure 7 does aid in generalizing the effects of multigravity on the nu-
cleate- and film-boiling curves. Figure 7 indicates that there is little grav-
itational effect on the established portion of the nucleate curve, whereas a
definite g-effect is noted in separating the data in the film-boiling portion
of figure 7.

Comparison of Hydrogen Data With Nucleate-Boiling Correlations

The heat-transfer data for nucleate-boiling hydrogen at two pressures were
compared with two correlations developed for noncryogenic fluids; figure 8 is a
comparison of the hydrogen nucleate-boiling data with the correlations of
references 20 and 21. For each of these correlations, the hydrogen temperature
difference (TW - Tb) is larger than that predicted by the correlations. Ap-

pendix D shows how each of these correlations can be reduced to a simplified
form, q = K(AE‘)3 where K is an arbitrary constant. The experimental data
(corrected for the conduction temperature difference) indicate that the ex-
ponent of AT is greater than the predicted values., In addition, the change
in the position of the nucleate curve (curve A, fig. 2) with saturation pres-
sure follows a trend indicated by both of these correlations (refs. 20 and 21).
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Both of these correlations repre-
sent efforts to develop dimensionless
parameter groupings that are descriptive
of the nucleate-boiling process. Both

[93.3 (refs. 20 and 21),

A V
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001 | dBiref, | Ll
T 1 10 base their models on similitudes between
Temperature difference, T, - Ty, °R nucleate boiling and convection, and
Figure 8. - Comparison of nucleate boiling correlations thus construct the familiar convection

from references 20 and 21 with hydrogen nucleate terms of Reynolds nunber and Nusselt
boiling data at 48 and 93, 3 pounds per square inch nurber rtinent to boilin For ex-
absolute. (Coefficient for correlation of ref. 20 ad- 1 pe £ 1 th & £ifi .X
justed so that predicted values agree with ref. 21 at ample, in reference 2 e artificial
93.3 Ib/sq in. abs.) Reynolds number is based upon the veloc-

ity of vapor-liquid exchange in the
ebullition process, and the characteristic dimension is & computed maximum
bubble size. In the correlation of reference 20, dimensionless groups are
developed that are based upon "a stirring length of the bubbles," the velocity
of the bubbles, and the number of bubbles developed per unit of time, These
can be construed to be elements of a convection-like mechanism caused by the

action of bubbles.

The discrepancy between the hydrogen data and these two nucleate-boiling
correlations may be explained by a number of possibilities. First, these cor-
relations do contain empiricisms that are based on other fluids and different
heater geometries. It has been demonstrated throughout the boiling literature
that heater geometry, surface conditions, and the nature of the fluid affect
the heat transfer results. Both references 20 and 21 have inserted empirical
constants in the correlations to account for these effects. By changes in
the empirical constants the hydrogen data could be fitted with correlation
equations similar to those presented in the references. In fact, the value of
the parameter P in the correlation of reference 20 was based upon experimen-
tal observations made by the originators of the correlation. In reference 20,
it is made clear that the numerical value of P is dependent on the fluid,
the surface conditions, and the heater geometry. Thus, it would appear diffi-
cult to apply this correlation a priori to any boiling fluid or heater geom-
etry. An experimental program would be required to determine P, and this
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constant could be applied to limited extrapolations of the data. A numerical
estimate of P for these hydrogen data will not be made herein because of its
doubtful general usefulness in application to other similar heat-transfer situ-
ations. Also, the pseudoconvection model applied in obtaining the significant
terms of the correlations can be questioned as a proper nucleate-boiling model.
For one thing, both correlations would predict an appreciable effect of g on
boiling. The term g is explicitly found in the correlation of reference 21,
and the heat-transfer coefficient would vary directly with gl/G, The gravita-
tional term is not found explicitly in the correlation of reference 20; how-
ever, the g-term is implicitly involved in the parameter P, which has been
mentioned as an empiricism. The nucleate-boiling hydrogen data reported herein
show no appreciable effect of g except for the incipient condition and at the
upper limit of nucleate boiling., The credulity of the convection models sug-
gested in references 20 and 21 must be questioned when no experimental gravita-
tional dependence is noted.

A second argument refers to a previous discussion of figure 2. The ap-
parent dependence of established nucleate-boiling hydrogen data reported herein
on the magnitude of the heat of vaporization (pressure dependence) is strong
evidence of a surface evaporation mechanism as a significant control in the
heat-transfer mechanism. This is not to infer that the circulation of the
ligquid phase near the heater surface does not contribute to the overall heat
transfer. But it appears to have secondary importance to an evaporation mecha-
nism over much of the nucleate-boiling regime.

Comparison of Experimental Data With Predictions of
Upper Limit of Nucleate Boiling

A number of researchers have come up with equations for predicting the
upper limit of nucleate boiling. Several of the equations (those by
Kutateladze, Zuber, and Wallis) reduce to a similar form. As is pointed out in
reference 22, the equation represents the condition where the Helmholtz-Taylor
instability upsets the nucleate mechanism. A general form of the equation for
the heat flux with Zuber's constant is

B 1/4
1 =5z -\/E Moge,(p; - o)1 (1)

Figure 9 shows a comparison of the experimental data for hydrogen with the
prediction of equation (1). The experimental values were chosen where the
slope of the heat flux against AT curve changed radically (see fig., 2). This
is the same as saying the heat-transfer coefficient maximizes at these loci.

Note that the predicted curve is relatively insensitive to pressure over
a broad range, whereas the experimental points are strongly dependent on it.
The predicted value is close to the experimental only in the vicinity of
90 pounds per square inch absolute, For hydrogen, and all fluids in fact, the
heat of evaporation decreases rapidly as the critical pressure is approached.
From figure 9, it is obvious that the experimental curve diminishes more
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rapidly than the predicted one as critical pressure is approached.

Reference 22 contains an extensive discussion on the upper limit of nucle-
ate boiling and the nucleate-boiling mechanism that lead up to this limiting
condition. At the low heat-flux end of the nucleate-boiling curve, there is
the region of isolated bubbles where bubble "up-draughts" and liquid circula-
tion account for the heat transfer; the regime can be treated as a free convec-
tion problem. At higher heat fluxes, there is a region of vapor columns and
patches where vaporization is the principal transport mechanism. The upper
1imit of nucleate boiling is marked by a Taylor-Helmholz instability. Thus,
the upper limit is in a domain where the evaporation is predominant.

The authors of this report would suggest a somevwhat different interpreta-
tion of the upper limit of nucleate boiling and the progression of events that
would lead to this condition as heat flux is increased. Figure 10 is inserted
to aid in presenting this interpretation. Starting at the low end of the heat-
ing curve, it is obvious that a free convection mechanism establishes this
portion of the curve., At some higher heat flux and AT, boiling first makes
its appearance through the development of a limited number of individual bub-
bles. Perhaps only one or two sites are active. TFree convection does influ-
ence the incipient point (see section on Multi-g effects on nucleate boiling).
An inecremental addition of heat could contribute to the inception of many sites.
Once boiling was established, the heating curve would depart radically from the
convective slope. The initial departure could be ascribed to an evaporative
component (ref. 18) and an enhanced free convection associated with rising
bubbles.

Judging from the results shown in references 17 and 18, it is felt that the
evaporative contribution becomes predominant after the transition into the
boiling curve has been completed. Thus a surface phenomenon involving the
evaporation of a liquid film microlayer in the vieinity of the sites appears to
be a dominant influence that improves the heat transfer beyond the free convec-
tion level. The presence of this microlayer for a wetting fluid has been defi-
nitely established (ref. 23).

In the patch and vapor column regimes of nucleate boiling, it becomes in-
creasingly difficult for the evaporative microlayer to be maintained. A Taylor
instability involving the liquid and vapor streams begins. The heat transport
begins to be influenced by a free-convection-like mechanism involving the two
phases that takes place adjacent to the wall. The upper limit of nucleate
boiling marks the loci where heat of vaporization begins to lose its dominat-
ing role in the heat transfer. It is appropriately named. An incremental in-
crease in heat flux beyond this upper limit brings sbout a film-boiling con-
dition with an entirely different dominating mechanism,

Much of this argument is based upon the multi-g observations contained
herein, which showed that most of the established portion of the nucleate-
boiling curve was insensitive to multi-g level. If bubble stirring and liquid
circulation (free convection mechanisms) were of prime import, the heat-
transfer data would depend on g. A definite g-dependence was noted in the
film-boiling region. In fact, a power on the Rayleigh number Ra would pre-
dict the change in the film-boiling heat flux in going from l-g to the multi-g
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condition. Thus, a free convection mechanism in the gas layer adjacent to wall
seems to dominate in this region. A further point of argument will be pre-
sented in the section Supercritical Heating.

Supercritical Heating

Tt has been noted already from figure 2 that the supercritical heating
data fall along a fairly linear band (on a log-log plot of q against AT).
This is similar to what would be observed for the free convection of any fluid.
The slope of this hydrogen data, however, is less than that which is generally
predicted for ordinary gases; the slope for gases is approximately 1.2, and for
these hydrogen data it is 0.9. No conclusive explanation for this difference
can be offered., No hysteresis or apparent dependence on experimental proce-
dural technique was encountered in getting data that would group within a

narrow band.

Visual studies of the supercritical regime showed that a phenomenon some=-
what resembling columnar boiling (see fig. 5(c)) was at work. Of course bub-
bles were not present, but sizable low-density agglomerates were rising through
a denser snd colder fluid. This gave the appearance of boiling to the heating
process. The motion of these agglomerates is readily observed in selected film
clips that are part of the film supplement to this report.

This boiling-like mechanism for a supercritical fluid is shown in the
high-speed photographs of Freon in reference 15. Also, the possibility of such
a mechanism was postulated in a prepared discussion by Goldmenn to refer-
ence 24. The mechanism was postulated to explain the enhanced heat transfer

near the critical point.

The cbservation of a boiling-like mechanism in the supercritical state
adds another argument to the boiling mechanism discussion of the previous sec-
tion. In the film supplement, the fluid appears to be as agitated in the
supercritical regime as it is in the subecritical. Yet this supercritical agi-
tation produces heat-transfer coefficients that are not nearly as large as
those observed in nucleate boiling (see fig. 2). It follows then that agita-
tion cannot be the sole source of the enhanced nucleate-boiling heat-transfer
coefficient. Another component, namely evaporation, must be significantly in-
fluential. Examination of figure 10 reveals that the supercritical domain can
be represented by the free convection band. This band depicts the similitudes
in the heat-transfer mechanisms between the supercritical and suberitical pres-
sure states. Such similitudes occur in the nonboiling free convection and
film-boiling regions identified in figure 10.

Multigravity Effects on Supercritical Heating
Figure 11 is a comparison of 1- and 7-g heat-transfer data for super-
critical pressures. The data include two pressures, 215 and 260 pounds per

square inch absolute., Regardless of the pressure level, the data group into
two distinet band, Earth gravity and multigravity; multi-g data fall above the
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Figure 11. - Effect of multigravity accelerations on supercritical heating for
para-hydrogen.

l-g data., If some sort of free convection correlation involving a Rayleigh
nunber were assumed, this trend would be expected. Furthermore, in free con-
vection correlations, the exponent on the Rayleigh nunber may range anywhere
from approximately 0.25 to 0,35. Consequently, the ratio of the multi-g heat
flux to the Earth-gravity heat flux should be

g _ (4)0-25 to 0.35

2
Tig (2)
where n is the number of g's imposed. The ratio of the g's from figure 11
appears to be about 1,65; thus the exponent of n would be approximately O.28.
This is within the range of values cited for free convection. Thus, it may be
concluded that the supercritical heating of hydrogen in multigravity may be
predicted from a standard free convection correlation using l-g data as a
reference situation.

Effect of Shield Geometry on Heat Transfer

A part of the investigation was to assess the effect of a chimney-like
shield on the heat-transfer results (see fig. 1(c)).

Figure 12(a) presents the data for nucleate and film boiling at two sub-
critical pressure levels around 90 and 170 pounds per square inch absolute for
the two geometries. Both 1~ and 7-g data are included. There appears to be
no discernible shield effect for this particular geometry within the small
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Figure 12, - Effect of shielding on heating curve for 1-g and multi-g conditions.

scatter of the data. It is to be noted that the same gravitational effects
were observed with the shielded geometry as with the unshielded. A tendency
toward higher heat fluxes for the shielded geometry in the film-boiling region
might possibly be observed.

The supercritical pressure data taeken at 1 g are shown in figure 12(Db).
Comparison of the two geometries shows a slight tendency of the shielded data
to fall above the unshielded. The shield tends to encourage circulation pat-
terns that improve the natural convection heat transfer, If the cross-
sectional size of the chimney were reduced, the shield effect would probably be
more pronounced. Similar effects were shown by comparison of the multi-g data.

CONCLUSIONS

As a result of this investigation, which involved a horizontal ribbon-
type heater tested at hydrogen pressures of 60 to 260 pounds per square inch
absolute, hydrogen temperatures of 45° to 70° R, heat fluxes of up to 0.2
Btu per square inch per second, and accelerations of 1 to 10 g's; the follow-
ing observations or conclusions are made:
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1. The heating curves (heat flux against temperature potential) for liquid
hydrogen in the subcritical and supercritical pressure states are similar to
curves for other fluids. In the subcritical state, nucleate- and film-boiling
regions are clearly indicated. The upper 1limit of the nucleate curve is pres-
sure dependent. The film-boiling and supercritical heating curves tend toward
coincidence at high heat fluxes.

2. The nucleate portion of the suberitical heating curve is sensitive to
subcooling and hysteresis effects., With the exception of bubble incipience,
very little influence of multigravity effects on temperature difference was
noted on the curve., There probably is some tendency for the upper limit of
nucleate-boiling heat flux to shift upward as the acceleration due to gravity
is increased., The presence of a chimney-like shield did not affect the heat-
ing curve. Existing nucleate-boiling correlations of Nishikawa and Rohsenow
do not serve as accurate means for predicting the heating curve a priori. Once
a heating level has been established experimentally, these correlations can be
fitted with constants and used for extrapolative predictions. Also, the ana-
lytical predictions for the upper limit of nucleate boiling used successfully
with water do not work with hydrogen. They do not reflect the severity of the
pressure dependence noted in the experimental results.

3. No hysteresis effects were noted in the established film-boiling region
of the boiling curve; however, a definite hysteresis phenomenon was noted in
the transition region between nucleate and film boiling. In fact, certain
operating points could only be achieved by approaching from a high heat flux to
a low one. In the established film-boiling region, a change from 1 to 7.5 g's
produced a 12- to 15-percent increase in the heat flux.

4. As a result of these experimental observations with hydrogen, it does
seem evident that these nucleate-boiling data support the liquid microlayer
model discussed by Moore and Messler and in TN D-2290, Admittedly, the
nucleate-boiling mechanism is a complex mixture of submechanisms that involves
both bubble dynamics and surface evaporation. Such factors as bubble popula-
tion, frequency, and the geometry of the bubbles (single or multiple) undoubt-
edly influence the overall mechanism. The fact that the nucleate data are in-
sensitive to g-level and heater shielding but are sensitive to thermal layer
history (hysteresis) and subcooling is taken as evidence that the nucleate
mechanism is primarily a surface phenomenon and does not depend on such things
as free conveetion of the pool or the stirring action of bubbles.

The boiling-like agitation noted in the supercritical pressure regime did
not produce as high a heat-transfer coefficient as was experienced in nucleate
boiling. This is interpreted as a further indication that the primary influ-
ence in the enhanced heat transfer of established nucleate boiling cannot be
bubble stirring.

5. It is suggested for further investigation that the upper limit of
nucleate boiling represents the end of the controlling regime of the evapora-
tive microlayer mechanism. Beyond this point, free convection forces within
the vapor layer adjacent to the wall become controlling in the transition to
the film-boiling region. At the upper end of the film region, there is little
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contribution by the heat of vaporization. This free convection model is sup-
ported by observations of enhanced heat transfer in the established film-
boiling region when the gravity level was increased.

6. It is also concluded that the mechanisms of heat transport for estab-
lished film boiling and supercritical heating are similar. The high-speed
photographic evidence (see film supplement) and the heat-transfer data support
this conclusion. This similarity also supports the view that free convection
is the primary mechanism in the film-boiling region. The gravitational depen-
dence of the supercritical data followed the Rayleigh number (free convection)
prediction, but the slope of the heating curve was less than the slope for the
free convection of gases on horizontal surfaces.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, Novenmber 9, 1964
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APPENDIX A

IIVMITED COMPARISON OF HYDROGEN NUCLEATE-BOILING

DATA WITH LITERATURE VALUES

Some of the nucleate data reported herein were compared with hydrogen

boiling data in the literature (refs. 1 and 2).

No direct comparisons can be

made because of differences in the heater geometries and probable differences

in the surface conditions for the experiments cited.
shows that there is relative agreement among the data for the

Nevertheless, figure 13
AT level, the

slopes of the boiling curves, and the pressure effect on the boiling curves.
This agreement adds to a confidence in the surface temperature measurement.

Heat flux, g, Btufisq ft)(thr)
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Figure 13. - Comparison of nucleate boiling data
with several literature sources.
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APPENDIX B

ANALYSTS OF TEMPERATURE DIFFERENCE
ACROSS THICKNESS OF HEATER RIBBON

As an approximate analysis of the temperature gradient across the thick-
ness of the heater ribbon, the following assumptions were made:

(1) The electrical power generation in the strip was uniform in all direc-
tions at any given axial location.

(2) The gradient in voltage drop along the length of the heater is con-
stant.

(3) Such properties of the material as thermal conductivity k and elec-
trical resistivity r are isotropic and are assumed to be constant across the
thickness of the heater element (the temperature differences are small).

(4) The heat generated within the element flows in one direction, toward
the liquid interface (see fig. 14).

Using the terminology of figure 14 and considering the thermal balance at an
element (denoted by the dashed lines) result in the following:

Qgen = th (B1)
The electrical power generated Qgen is
N
Q’gen T r AL (B2)
X w
The heat transferred to the liquid is
Q.. =w AL 8 ax B3
ht T (B3)
gﬂgﬂ;ﬂ?m Thus, equation (Bl) becomes
Current, i Liquid o
) Ay
T ,AT’/ AY// d_q = _:I: é.\l 2 (Béa)
1 | Il B dx ~ r \AL
Ax| Q { 1 w
LR A >“/// Since it is assumed that the volt-

age gradient is constant and r 1is

Figure 14, - Model of heater ribbon employed in conduction analysis of .
o Py R0 independent of x,

appendix B.
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or, by integrating, & (B4b)

q = Clx + CZJ

Since the boundary conditions specify that the heat flux is zero at x = 0, the
constant C2 will be zero. Since

equation (B4b) can be integrated across the thickness of the strip to solve for
the temperature differential between the inner and outer surfaces; that is,

W 2 *0
1 [AV
-~k aT = - (ZE? x dx (B4e)

or

2 X2
1 [AV 0
k(T - Ty) =% <—AI) T
Simplifying this equation results in

Q X
en O
T, -T, = -———g2k (B4d)

There are no thermal conductivity data for annealed Chromel A in the cryo-
genic temperature range in the literature, The only similar material for which
cryogenic thermal conductivity data are available is Inconel. The conductivity
data were obtained from reference 25. The TInconel information at a mean tem-
perature of approximately 48° R is used to determine the temperature difference
between the surfaces of the ribbon for various heat fluxes, which is shown in
the following table:

Heat flux, Temperature
q, difference,
Btu/(sq in.)(sec) AT
0.001 0.022
.01 .22
.1 2.24
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Heat flux, q, Btul(sq in.){(sec)
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A series of tests in which the
thickness and material of the heater
was varied give a measure of confi-
dence to the estimated values of
temperature differences in table I.
Heaters were constructed from monel
(for which cryogenic conductivities
are known) and from thinner Chromel A
ribbons. Figure 15 shows the rela-~
tive agreement for corrected
nucleate-boiling data temperature
differences among the following
heaters:

(1) 0.0080-Inch-thick Chromel A
(the heater used throughout
the investigation)

(2) 0.001~Inch-thick Chromel A
(3) 0.0063-Inch-thick monel

These data were taken at a mean
pressure of 95 pounds per square
inch absolute. Thus, they corres-
pond to the estimated correction
curve shown in figure 2 and substan-
tiated its general accuracy.

Thus, the maximum error in the
measurement of the surface tempera-
ture adjacent to the liquid for the
range of conditions studied would be

The temperature data in table I have been corrected for



APPENDIX C

STRATTFICATION OF FLUID TEMPERATURE WITHIN THE DEWAR

The proper evaluation of the precision of the hydrogen bulk temperature
measgsurement necegsitated an investigation of the local bulk temperature distri-
bution throughout the Dewar volume. The comparatively large surface to volume
ratio of the Dewar together with the presence of illumination and wvisualization
windows and instrumentation leads contributed to a substantial heat leak in the
tank.

The differential in bulk temperatures at various locations in the tank
were checked with both carbon resistor thermometers and Chromel-constantan
thermocouples. A maximum of approximately 1° variation in bulk temperature
was noted,
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APPENDIX D

ANATYSIS OF NUCLEATE-BOITLING CORRELATTONS

The correlations of references 20 and 21 predict the proper slopes but not
levels for hydrogen nucleate boiling. The equations will be examined to see
how the agreement in slope evolves and to determine the sensitivity of the cor-
relations to property variations. The latter may help explain the differences
in levels,

By considering the correlation of reference 21 first, the equation is

2/3
2o g - ¢, |2 g (D1)
ko 71 gfpz - 0,) Tl A Yele, - 0)

Regrouping the terms, reducing the exponents, and substituting h = q/AT in
equation (D2) result in

1/3 . W 2/3 ) 1/6 )
Ti - I, 1/3 <kz ) Pr?-7 (pz ) pv) ;i7§ "~ (e)

The fluid properties in equation (D2) are grouped so that the sensitivity of
the equation to variation in fluid properties can be examined. Suppose this
is done over a range of pressures from 40 to 140 pounds per square inch abso-
lute, 0.2 < p/pc < 0.8, for saturation conditions. The significant properties
for this pressure range are tabulated in the following table:

Property Pressure, p, 1b/sq in. abs
40 140 ‘ 95
Ratio of pressure to
critical pressure, p/pc
0.21 0.95 0.5
Heat capacity of liquid, Cys 2.9 5.8 4.0
Btu/(1b,) (°F)
Heat of vaporization, A, 180 118 141
Btu/1b
Dynamic viscosity, p, 1b/hr 6.7x1076 | 4.3x1076 5.0
Thermal conductivity, k, 2.04x107° | 2.3x107° | 2.2x10-°
Btu/(£t) (hr) (OF)
Surface tension, o, lbf/ft 10.3x1075 | 6. 4x1075 7.5
Density of liquid, Pys lbm/cu ft 4,10 3.15 3.56
Density of vapor, o, 1by/cu £t .21 .82 .52
Difference between liquid density 3.89 2.33 3. 04
and vapor density, Py~ Py
o, feu £t
Temperature, T, °R 43.5 55.8 57.5
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By using the values in the preceding table, the ratio of equation (D2) at
40 pounds per square inch absolute to equation (D2) at 140 pounds per square
inch absolute becomes

- -
1/3
AT
40 1lb/sq in. abs
e [sa (1.8) = 1 (D3)
a
AT 140 1b/sq in. s |
where AT is (TW - Tb). If q 1is a constant, equation (D1) would predict:
AT (1.8) = AT (D4)

140 lb/sq in. abs 40 1b sq in. abs

A similar exercise can be performed with the correlation of reference 20. The
correlating equation is

5 2/3
0
oy (—p—) L 13/24 (D5)
1 Po/ ¥ M Pl op A

Segregating the praoperty terms and expressing h in terms of heat flux and
driving temperature results in

2/3 1/3
) C

op A
( v ) 1 3 o (D6)
c, p2/5 = P1/5M2/3pgﬁ = V4
If the properties listed in the previous table are used, the ratio of equa-
tion (D8) at 40 pounds per square inch absolute to equation (D8) at 140 pounds
per square inch absolute becomes

(ql/s

AT >4o 1b/sq in. abs

73 (2.25) =1 (D7)

q )
(AT 140 1b/sq in. abs
If g is a constant, equation (D5) would be

(2.25) = AT (D8)

AT . .
140 1b/sq in. abs 40 1b/sq in. abs
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Tt becomes rather obvious that both equations (D1) and (D5) are pressure
sensitive and perhaps could predict the approximate values of AT once the
level of heat transfer has been established. To compare the two equations,
consider the data of figure 2 for q = constant = 0.0031 Btu per square inch
per second listed in the following table:

Pressure, Temperature | Equation
b, difference,
ib/sq in. &bs AT (p1) | (DS)
40 2.1 ————] -
95 1.35 1.3 1.23
140 1.15 1.15| .9

It can be concluded from either of these equations that
q =K - c(p)ar®

where c(p) adjusts for saturation pressure variations and K adjusts the
heat-transfer level. The latter, for the comparison, is a posteriori, and no
apparent method becomes evident by the aforementioned exercise for predicting
K a priori. Also, the experimental data indicate that the exponent on AT
should be greater than three.
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TABLE I. - DATA TABUTATIONS FOR 0.006-INCH-THICK CHROMEL A HEATER

[When temperature difference across heater thickness is small
compared to absolute temperature, value of column 4 is uti-

lized. ]

Run

»OUZ\JO‘U"-&LNNP‘*
w
-

1 2847
2 2848
3 2849
4 2850
5 2851
6 2852
7 2853
8 2854
9 2855
10 2856
11 2857
12 2858

?res-
sure,
D,
lb/sq
in. abs

42 .9
43.2
43.4
43.3
43.4
43.9
43.9
44.0
43.7
43.9
44.3
43.06
43,17
43.5
43.2
43.3

47.8
47 .8
48.1
47.8
47.9
48.0
48.3
48.6
48.6
48.6
48a6
48.1

Tem-
pera-
ture,
T,
R

44.60
44.60
44,60
44,90
45.00
45.10
45.00
45.10
45.10
45.10
45.30
45.90
45.50
45440
45.40
45.50

44,80
44.90
44.50
44.90
44.90
44.90
45.00
45.00
45.00
45.10
45.00
45,00

Differ-
ence be-
tween
wall and
bulk
temper-
atures
as read,

Ta = Tos
°R

0.60
3.70
2490
3.60
4460
5.00
5440
5.80
6,90
8.80
2139.00
10.00
5.50
44,20
2.70
1.20

l.46
2.47
2.87
3.15
4.GC3
4,86
5643
5.96
6.41
6.75
4.55
1.66

Heat
flux,

a,
Btu/(sq
in. ){sec

0.0010
0.00061
0.0138
0.0280
0.0330
00450
0.0600
0.0730
0.0980
0.1160
0.1300
0.u740
0.0470
0.0260
0.0120
0.0018

0.0007
0.0023
V0047
2.0082
U.016C
0.028¢C
0.0410
0.0550
0.0730
J.0830
0.0450
0.0011

Num- |Tempera-
ber ture dif
of [ference,
g's, AT,

n °R

1.00 0.56
1.00 3.45
1.00 2.32
1.00 2.45
1.00 3.26
1.00 3.18
1.00 2.98
1.00 2.87
1.00 3.02
1.00 4,29
1.00[219.00
1.00 7.20
1.00 3.63
1.00 3.15
1.00 2.21
1.00 1.12
1.00 le43
1.00 2.37
1.00 2.67
1.00 281
1.00 3.37
1.00 3.72
1.00 3.78
i.00 3.75
1.00 3.50
1.00 3.46
1.00 2.72
1.00 1.62
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TABLE I. - Continued. DATA TABUILATIONS FOR O.006-INCH-
THTICK CHROMEL A HEATER
[When temperature difference across heater thickness

is small compared to absolute temperature, value
of column 4 is ubilized.]

Run Pres- Tem- |Differ- Heat Num- empera-
sure, pera- |ence be- flux, {ber fture dif-
P, ture, tween d, of ference,
1b/sq T, |wall and | Btu/(sq | g's, AT,
in. abs SR bulk in.)(sec) =n °R
’ temper-
ature
as read,
LI
W oRTb’
2683 48.8| 45.78 229 | 0.0050 | 1.00 2.06
2584 48.9| 45.73 4.69 | U.0312 | 1.00 3.45
2985 49.3) 46.57 6.61| 0.0718 | L.C0 3.84
2986 49.8| 45.91 7.15}| 0.0859 | 1.00 3.81

2987 50el| 45.98| 147.46 | 0.101C | 1.00[147.46
2988 5062 46,01 162.95 | 0.1112 | 1.00(162.95
2989 50.5| 45.98| 176.99 ] 0.1208 | 1.00(176.99
2930 50.3| 46.05{ 183.04 | 0.1261 | 1.0C|183.04
2991 50| 4€.07| 189.25| 041297} 1.00(189.25
10 2992 50.3| 45.98| 183.10 | 0.1233 | 1.00(183.1¢C
L1 2653 5041 45.98| 177.48 | 0.1206 | 1.00|177.48
12 2994 50.4| 45.98] 171.00 | 0.1161 | 1.00(171.00
13 2965 50el} 46.06| 164.93 | 01119 ] 1.00]164.93
14 2966 50.2| 45.98] 156.06 | 0.1057 | 1.00]156.06
15 2997 50.0| 46.01| 146,16 | 0.0982 | 1.00|146.16
16 2998 50.0] 45.92| 137.30| 00927 | 1.00|137.30
17 2985 49.7| 45.91| 125.68 | 0.083G | 1.00]|125.68

Doa~NOvdwior

i3 3000 49.3| 45.92 6.47 | 0.0731 (| 1.00 3.61
19 3001 49.51 45.89 5.76 | 0.0605| 1.00 3.38
20 3002 49.5] 45.87 5.24 ) 0.0507 | 1.00 3.23
21 3003 49.2| 45.864 4.95 | 040445 | 1.00 3.18
1 2822 5l.5| 45.60 0.67| 0.0006| 7.30 0. 65
2 2823 51.5| 49.60 2.87| 0.0023 | 7.30 2.78
3 2824 5145 45.60 3.00] 0.0050 | 7.30 2.80
4 2825 5le.5| 45.60 3.76 | 0.0091 | 7.30 3.39
5 282¢ 51.5| 45.60 3.87| 0.0160 | 7.30 3.22
6 2827 51.5| 45.60 473 ] 0.027C | 7.50 3465
7 2828 51.5] 45.60 5.51 | 0.039C | 7.50 3.96
8 2829 5l.5| 45.640 5.88 [ 0.0540 | 7.70 3.74
9 2830 5l.5| 49.60 6.34 | 0.0650 | 7.70 3.78
10 2831 51le5] 45.50 4.96 | 0.0410) 7.70 3.32
11 2832 5le5| 45.00 le86 | 0.0110 | 7.70 1.40
12 2836 51.5| 45.50 0.20 ] 0.0006 | 7.00 0.18
13 2837 5le 5| 45,50 Ua94 | 00022 7.00 Ue85
14 2838 5l.5| 45.955 2.04 | 0.0076 | 7.00 1.73
15 2839 1.5 45.60 2.70 [ 0.014C | 7.00 2.13
lo 2840 5le5| 4%.55 3.73 | 0.0260} 7.00 2.67
L7 2841 5l«5]| 45.60 5.09 [ 0.U42C | 7.00 3.41
18 2842 5le5| 45.60 Hel7 | 0.0560 | 7.00 3.96

19 2843 515 45.60 6.42 | 0.0700 | 7.20 3.66




TABLE T.

- Continued.

THICK CHROMEL A HEATER

DATA TABULATIONS FOR O.006~INCH-

[When temperature difference across heater thickness
is small compared to gbsolute temperature, value
of columm 4 is utilized.]

Run

2807
2808
2809
2810
2811
2812
2813
2814
2815
2816
2817
2818

e
N=O VD~ WNF-

30006
3007
3008
30C9
3010
3¢11
3012
3013
3014
1C 3015
11 3Cle6
1« 3017
13 3018
14 3015
15 3020
16 3021
L7 3022
18 3023
19 3024

SN N D WN

29172
2973
2974
2675
2916
2977
2978
2979

[« BENI s SRS N VS S

Pres-
sure,

D,
1b/sq
in. abs

5242
52.1
52.4
52.4
52.4
52‘4
5246
5246
52.6
52.6
52.5
52.2

51l.6
51.8
52.0
52.2
52.4
52.3
52.5
52.4
52.4
52.4
5245
523
52.7
5265
52.6
52.2
52.4
52.6
52.4

51.8
52.0
52.6
52.6
52.9
92 .8
SBQZ

53.3

Tem-
pera-
ture,
T,
OR

45.70
45. 70
45.70
45.70
45,70
45.70
45.70
45,70
45.70
45.170
45.70
45.70

46435
46.41
464
46.50
46.41
4¢.52
46.52
46.52
4€.59
4€.52
46.49
46.5C
46,586
4&.54
46,117
46.53
46,77
46.71
46,62

46632
46.41
46.44
46.50
47435
47.665
47.817
48,27

Differ-
ence be-
tween
wall and
bulk
temper-
atures
as read,
Ty = Tps
°r
2.39
1.78
2426
2.98
3.91
4.66
5.26
Sa77
6.21
6452
4438
l.b55

3.3C
479
5.66
6440
b.78
7.39
7.61
130.24
139.85
143.58
152.73
145.39
142.22
135443
121.49
108.69
6.7C
6.13
5.6"

2450
4.93
653
6.74
143.75
led.l2
175.23
185.39

Heat Num- Tempera -
flux, ber ture dif-
qa, of ference,
Btu/(sq |g's, ar,
in.)(sec)| n °R
0.C014 | 1.00 2.34
0.0036 | 1.00 1.63
0.0075 | L.00 1.95
0.0130 | 1.00 2.45
0.0220 | 1.00 3.02
0.0360 | 1.00 3.22
0.050C | 1.00 3.27
0.0670 | 1.00 3.12
0.0810 | 1.00 3.02
0.093C 1.00 2.87
0.0500 | 1.00 237
0.0130 | 1.00 1.01
0.0080 | 7.10 2.98
0.0337 | 7.10 3.47
00530 | 7.10 3.59
V0678 [ 7T.10 3.77
0.U802 | 7.10 3.68
0.0908 | 7.10 3.91
0.0952 | 7.10 3.97
0.1047 | 7.10|130.24
0.1071 | 7.10|139.85
Oe.lla4 7.10[148.58
0.1180 [ 7.10]152.73
0.1126 | 7.10|145.39
C.1091 | 7.10(|142.22
0.1043 | 7.10|135.43
0.0934 | 7.10]121.49
0.0826 | 7.10(108.69
0.0735 | 7.10 3.88
0.0624 | 7.10 3.72
C.0522 [ 7.78 3.61
0.0026 | 1.00 2.39
0.033C | 1.00 3.03
0.0778 | 1.00 3.53
0.0866 | 1.00 3.41
€C.0993 | 1.00(143.75
0el125 | 1.00}|163.12
0.1201 | 1.0C|175.23
0.1269 | 1.0C[185.39
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TABLE T.

- Continued.

THICK CHROMEL A HEATER

DATA TABULATTONS FOR O.006-INCH-

[When temperature difference across heater thickness
is small compared to absolute temperature, value
of columm 4 is utilized.]

Run Pres-
sure,

D,
lb/sq
in. abs
1 48 65.5
2 49 67.C
3 50 0T7.5
4 51 67.6
5 52 68.1
6 53 68.4
7 54 68.4
3 55 68.6
g 5¢ 68.7
10 57 68.2
11 58 68.1
L. 59 67.9
13 60 671.8
l4 61 67.6
15 62 67.6
1L 2683 74,6
2 2684 74.8
3 2685 T4.1
4 2686 4.7
5 26817 74.3
6 2689 T4.5
1 2690 74 .8
8 2691 T4.5
g 2692 14.5
10 2693 T4.6
11 2694 74,17
12 2¢€95 T4.3
13 2¢€96 714 .0
14 2697 73.6
15 2¢98 73.9

Tem-
pera-
ture,
T,
SR

48.30
48.90
48.90
48.90
49.10
45.00
45.10
49.10
49.10
49.00
459.00
49.00
45,00
49.00
48.90

49.13
49.13
49.206
49,18
45.33
49.34
49.40
49.45
49.56
49.59
4G.63
49.67
49.60
45.56
49.46

Differ-
ence be-
tween
wall and
bulk
temper-
atures
as read,
T - Tps
Or

2.10
2.70
2.80
3.20
3.70
4,40
11.90
167,20
133.1¢C
5.10
3.10
2.40
1.70
1.20
0.50

l.16
1.42
1.G62
2.61
2.94
3.84
4425
4.72
4.73
4.96
5.52
6.26
3.35
1.74
V.72

Heat
flux,

ad,
Btu/(sq
in.)(sec

0.0013
0.0087
0.017¢0
0.0320
0.053¢C
0.0680
0.0860
0.0960
0.0750
0.u610
0.0440
0.0260
0.0140
0.0072
0.0018

0.0011
0.0027
0.0053
0.0102
0.0163
0.0254
0.0456
0.0590
0.0660
0.0750
0.0860
0.0903
0.0403
0.0171
0.0046

Num-~

ber
of

g's,

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
l1.00
1.00
1.00
1.00
1.00
1,00
1.00
1.00

Tempera-
ture dif-
ference,
AT,
°Rr

2.05
2.37
2.15
1.98
1.70
1.84
8.88
167.20
133.10
2.82
l1.43
1.40
l.16
0.92
0.43

l.11
1.32
1.71
2.22
2.32
2.89
2.55
2452
2429
2.19
2.36
2.97
1.81’
1.09

C.53




TABLE T.

- Continued.

THICK CHROMEL A HEATER

DATA TABULATIONS FOR O.006-INCH-

[When temperature difference across heater thickness
is small compared to absolute temperature, value
of column 4 is utilized.]

Run Pres- Tem- Differ- Heat Num- | Tempera-
sure, pera- ence be- fiux, ber ture dif+
b, ture, tween q, of ference,
1b/sq T, wall and | Btu/(sq g's, AT,
in. abs | °R bulk {in.)(sec) n °R
temper-
atures
as read,
Ty = Tps
°r
1 3120 717.1| 50.78 2.85| 0.0057 | 7.00 2.64
2 3121 T6.3| 50.72 2e71| 0.0131 [ 7.00 2623
3 3122 76.7| 50.75 297 0.0224 | 7.00 Zel4
4 3123 163| 50.7% 3.67| Ua04068 | 7.00 1.96
5 3124 16.2| 50.31 4.92| 0.0806 | 7.00 2.01
6 3125 16« C| 50.84 5.61| 0.0879 [ 7.20 2.40
7 3126 76.1| 50.81] 120.83| 0.U959 | 7.20(120.83
8 3127 To.C| 50.78] 133.24| 0.1047 | 7.201[133.24
9 3123 T6.1| 50.84] 149.29] 0.116S | 7.20(149.29
10 3129 76 .C[ 50.81) 164.94| 0.1284 [ 7.2C|164.94
1l 3130 715.8| 50.75| 180.90| 0.1399 [ 7.20|180.90
12 3131 75.7( 50.81| 155.12| 0.1254 | 7.2C|159.12
13 3132 15.7| 50.78| 149.88| 0.1176 | 7.20{149.88
14 3133 75.7| ©50.75| 131.94| 0.1036 | 7.20(131.94
15 3134 755 5C.77| 110.38| 0.0880 | 7.20(110.38
16 3135 T5.6| 50.51 98. 77| 0.0807 | 7.10| 98.77
17 3137 75.9| 5C.78 3.10] 040497 | 7.10 l.27
18 3138 75.4| 50.72 2.14] 0.0207 | 7.10 l1.15
19 3139 75.3| S50.68 le34] 0.0108 | 7.10 0.93
29 3140 75.2] 50.00 U.56| 0U.0048 { 7.10 .38
1 3100 89.7( 51l.606 2e32] 0.0053 |1.00 2.13
Z 3101 89.4| bSi.00 2.48] 0.01l41 |1.00 1.97
3 3102 89.3( 51.59 3.27) 0.G314 | 1.00 2.14
4 3103 89.5| S5l.064 4.00| 0.0461 (1.00 2435
5 31C4 89431 5S1.57 4.57] C.064C [1.00 2428
6 3105 89.4| 51.59 H5e64! 00774 [1.00 2.89
7 3106 89.2| 5leb7| 126462 0.0866 | 1.00j126.62
8 3107 89.2] 5l.02} 142.23] 0.0968 | 1.00|142.23
g 3108 E8.9( 51.59] 154.87| 0.1054 [1.00|1%4.87
1C 3109 88.8| Sle62| 169.75| 0.1153 [1.0C{169.75
11 3110 88.6| S51l.58( 154.41| 0.1045 [1.00](154.41
12 3111 88.4| S1le51| 139.35| U.9u950 | 1.00|139.35
13 3112 88.2| 51.45( 117.37| 0.0805 [ 1.00(117.37
14 3113 87.9| €l.48 T2.42| U.004C | 1.00| 72.42
15 3114 87.5] Sl.44 4430 0.0572 [1.00 2.25
16 3115 87.3) 51.37 3.85| 0.0435 | 1.00 2.23
17 3116 87.1| 51.39 2.80| 0.0216 |1.00 2.01
18 3117 86.6| 51.30 1.56| 0.0069 | 1.00 1.30
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TABLE I. - Continued. DATA TABULATIONS FOR O.006~INCH-
THICK CHROMEL A HEATER
[When temperature difference across heater thickness

is small compared to absolute temperature, value
of column 4 is utilized.]

Run Pres- Tem- {Differ- Heat Num- | Tempera-
sure, pera- |ence be- flux, ber | ture dif-
P, ture, tween a, of | ference,
1b/sq T, |wall and | Btu/(sq |g's, T,
in. abs CR bulk in.)(sec)| n Sr
temper-
atures
as read,
- T,
Ty .
1 2525 89.7 | 52.50 l.4C | 0.0035 | 3.40 L.27
2 2526 89.8 | 52.5C 1.96 | 0.0060C |3.40 1.75
3 252¢ 89.6 | 52.50 2.47 | 0.0124 |3.40 2.02
4 2526 89.7 | b2.5C 2.98 | 0.0213 |3.40 2.22
5 253C 89.6 | 52.5¢C 3.50 | 0.0292 |3.40 2.46
6 2531 89.6 | 52.50 4,02 | 0.0404 [3.40 2.59
7 2532 89,6 | 52.40 4.53 | 0.0517 |3.40 2.71
8 2533 89.7 | 52.50 5656 | 0.0364C | 3.40 3.32
9 2534 89.6 | 52.50 7.11 | 0.0708 [3.40 4.67
10 2535 89.3 | 52.5C 4.03 | D.0438 [3.40 2¢43
11 2536 85.4 | 52.40 2.95 | 0.0236 [3.40 211
1 3046 0.2 | 52.08 2.03 | 0.0113 |7.CO 1.62
2 3047 90.4 | €2.14 3.10 | 0.0352 (7.00 1.84
3 3048 90.3 | 52.21 4,06 | 0.0598 |[7.00 1.93
4 3046 9C.4 | 52.14 4,39 | 0.0685 |7.00 1.96
5 3C65C 90.1 | 52.11 534 | 0.0796 |7.00 2+54
6 3C51 0.2 | 92.07 | 116.11 | 0.0848 [(7.00/116.11
7 3052 90.6 | 52.08 | 125.35 | 0.0951 [7.00|125.35
8 3053 90.7 | 52.08 | 122.72 | 0.06975 [7.20{122.72
9 3054 S0.5 | 52.14 | 137.89 | 0.1052 |7.20/137.89
10 3055 90.6 | 52.07 | 132.14 | 0.C998 {7.20|132.14
L1 3056 90.8 | 5L.95 | 126.05 | 0.095%4 |7.20|126.05
12 3057 90.5 | 51l.96 | 112.68 | 0.0882 [7.20|112.¢68
13 3058 90.5 | 52.03 | 100.83 | 0.0805 |7.20[100.83
14 3059 90.9 | 52.05 32.71 | 0.0740 |7.20| S2.71
15 306¢C 90.8 | 52.14 2343 | 0.0636 |7.20| 21.47
l6 3061 90.7 | 52.02 4,65 | 00565 |T7.50 2.63
17 3Ce62 90.9 | 52.08 4.50 | Co0507 [T7.50 2.70
1 2863 9C.59 | 5l.3¢C 0.31 | U.0008 {1.00 G.28
2 2864 91.0 §51.30 077 | UaU026 |1.00 Ce&7
3 2865 90.9 | 51.30 1.59 | 0.0064 [l.00 1.35
4 2366 Sl.1 [ 5140 1.87 | 0.0100 {1.00 1.50
5 2867 91.1 [ 51l.40 2.44 | 0.01T7T0 |le00 1.82
€ 2568 91.2 | 51.4C 3.00 | 0,020 {1.00 1.93
7 2869 91.2 | 51l.40 3.61 ] 0.0400 [1.00 2.156
B 287C 91.4 [ 51.40 3.94 | 0.0530 }1.00 2.03
g 2871 91.5 | 51.50 4,33 1 0.0640 [1.00 2.03
LO 2872 915 | 51.50 5.22 | 0.0740 |1.00 2.58




TABLE T.

- Continued.

THICK CHROMEL A HEATER

DATA TABULATIONS FOR O.006-INCH-

[When temperature difference across heater thickness
is small compared to absolute temperature, value
of column 4 is utilized.]

Run

2816
28717
287¢&
28768
288C
2881
2882
2883
2884
10 2885
11 2889
12 2890
13 2831
14 2862
15 2893
16 28934
17 2895
18 2896

NolR. B0 N~ T N F O O

1 3027
¢ 3028
3 3C2¢
4 303C
5 3031
6 3C32
7 3033
8 3C34
3 3035
10 3036
11 3037
12 3038
13 3C39
14 3040
15 3041
16 3042
17 3043

Pres-~
sure,
P,
lb/sq
in. abs

91.5
9l1l.5
91.5
91.5
91.5
91.5
9l.5
91.5
915
Sl.5
91l.5
9l.5
9l.b
9l.5
91.5
91.5
91.95
91.5

G2.1
92.1
92 .4
92.3
G2.2
92.d
92 .4
92.72
92.3
922
92.0
9243
92.C
92.1
9l.8
91.6
910

Tem-
pera-
ture,
T,
©R

51.70
51.70
51.70
951.30
51.70
51.70
51.70
51.70
51.80
51.90
51.17C
51.80
51.70
S1.70
51.80
51.80
51l.80
51.90

52.017
52402
£2.05
52405
5Z2.14
52.02
52.05
51.99
52.602
bleU4
51.93
52.11
52.10
52.02
52.05
bleG7

52.07

Differ- Heat Num- | Tempera-
ence be- flux, ber ture 4if-
tween Q, of ference,
wall and | Btu/(sq | g's, AT,
bulk in.)(sec)| n OR
temper-
atures
as read,
Ty = Tp,
OR
0.22| 0.0006 | 7.00 0.20
l.82| 0.0022 | 7.00 le 74
2.08| 0.0048 [7.50 1.90
1.95] 0.0093 | 7.70 1.61
2.28) 0.C160 }8.00 1.70
2.69( 0.6340 |8.00 1.45
2+64| 0.0360 |8.00 L.64
3.33| 0.044C [8.00 1.74
3.56| C.0550 | 8.00 1.58
4.16| 0.0680 [8.00 1.73
0.20] 0.0022 [7.70 0e.12
0e62| 0.0054 [ 7,70 C.42
1.19| 0.0089 |7.70 0.86
1.97| 0.0160 | 7.80 1.38
260 0.0260 | 7.80 1L.66
3.06| 0.030C | 7.80 l1.76
3.64f 0.0530 | 7.80 1.73
3.99( 040630 |[7.70 1.74
2.09( 0.Ul2C |1.00 l.60
3.08] 0.0312 |1.00 1.96
3.42| 0.0414 |1.00 1.93
4,20 Ve0623 |1.0U 1.938
528 0.076C [1.00 2460
123.06| 0.084% [1.00(123.04
130.C7] 0.0894 |1.00{130.07
139.00| 0.0947 |1.00(139.00
148.13( 0.1002 [1.00(148.13
16C.88| 0.1093 |1.00(|160.88
152.92] 0.1039 [1.00(152.92
145.24| 0.0983 [1.00]145.24
135.38| 0.0927 |1.00|135.38
121.62| Va0835 [1.00(121.62
112.36] 00767 |1.U0|112.36
G6.80| 0.0662 1.00]| S6.80
4412 Veve02 |1.00 1.98
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TABLE I.

- Continued.

THICK CHROMEL A HEATER

DATA TABULATIONS FOR 0.006-INCH-

[When temperature difference across heater thickness

is small compared to absolute temperature, value

of colum 4 is utilized.]

Run Pres- Tem- Differ- Heat Num- | Tempera-
sure, pera- | ence be- flux, ber ture dif-
P ture, tween qd, of ference,
1b/sq T, | wall and| Btu/(sq | &'s, AT,
in. abs °R bulk |in.)(sec n OR
temper-~
atures
as read,
Ty = Tps
°r
1 2500 93.8 | 52.80 0.98| 0.0013 | 1.0C 0.93
2 2501 93.6 | 52.80 1.07] 0.0016 | 1.00 l.01
3 29502 93.5 | 52.30 1.34] 0.0035 | 1.00 1.22
4 2503 93.6 | 52.80 1.51| 0.004S | L.00 1.33
5 25C4 G3.5 | 52.70 1.93| 0.0072 | 1.00 l.67
6 2505 93.6 | 52.70 1.91| 0.C103 | 1.00 1.54
7 2566 G3.5 | b2.70 2e42 | 0.014C | 1.00 1.92
8 2507 93.2 | 52.70 256 U.U180 | 1.00 1.92
9 2506 93.3 | 52.70 3.17) 0.0260 ] 1.00 2.25
16 2512 93.3 | 52.5690 3.74| 0.0390 | 1.00 2.36
11 2513 93.0 | 52.70 3.821 0.0450 | 1L.00 2623
12 2515 92.9 | 52.60 4.69 ] 0.,05/0 | 1.00 2469
13 2517 92.9 | 52.70 7.22) 0.0730 | 1.00 4.71
14 2518 93.1 | 52.170 4.00| 0.0510 | 1.00 2.20
15 2516 92.8 | 52.70 2.87| 0.0280 | L.00 1.87
1 25489 94.2 | 53.40 0.87} 0.,0007 |10.40 0.84
2 2550 94 .0 | 53440 L.65] 0.0014 (10.40 1.60
3 2551 94.2 | 53.40 2.04| 0.0027 {10.40 1.94
4 2552 94.3 [ 53.40 l.87} 0.0043 |10.40 L.72
5 2553 94.3 | 53.40 1.83( 0.0067 |10.40 1.59
6 2554 S4.4 | 53.40 1.84| 0.0090 [10.40 l1.52
7 2555 94.2 | 53.40 213 D.C129 |10.40 1.67
8 2556 94.5 | 53.40 2.28] 0.0188 [10.40 l.61
3 2557 4.5 | 53.40 2.63| U.0258 [1U.40 1.72
10 2558 94.6 | 53.50 2.93] 0.0317 |10.40 1.82
11 2556 95.0 | 53.50 3.50 | 0.0434 (10.40 1.98
12 2%6¢ 95%.0 | 53.50 3.88 | U.U552 |1C.40 1.96
13 2561 95.0 | 53.50 4,78 U.0704 |10.4Y 24635
14 2562 95.0 | 53.50 7.82( 0.G788 |10.40 5.13
15 2563 9541 | 53.5C 3.591 0.04406 {10.40 2.073
16 2564 95.0 | 53.40 237 0.0Gl8b |10.40 L.71
L7 2565 95.0 | 53.40 1.48] 0.0065 [10.40 1l.25




TABLE I. - Continued. DATA TABULATIONS FOR 0.006-INCH-
THICK CHROMEL A HEATER
[When temperature difference across heater thickness

is small compared to absolute temperature, value
of colum 4 is utilized.]

Run Pres- | Tem- Differ- Heat Num~ | Tempera-
sure, | pera- ence be-] flux, ber |[ture dif-
P, ture, tween qs of ference,
1b/sq T, wall and| Btu/(sq | g's, AT,
in. abg °R bulk |in.)(sec)| n OR
temper-
atures
as read,
- T,
Ty o P B 1]
1 12 Q64| Hlenl 1.C0| 0.U023 |10.0C 0.91
2 13 96.3| 51.7C 1.700 0.00171 {10.00 l.44
3 14 964 | 52.00 2.00| 0.0127 |10.00 1.54
&4 15 6.0 52.10 2eaU| V.C226 |10.00 1.58
5 16 6.4 52.20 3.00] 0.035C |10.00 l.74
6 17 96.9| 52.1C 3.20( D.0460 [10.00 1.55%
7 143 9T7.2] 52.40 4490 ULLUH600 |LUL.OO 2.73
8 2¢C 98 .2 El.0C | 176470 V.100C {10.00(176.70
9 21 G8ea| 92.70 | 22340 041220 [LO.00{ 223440

Lo 22 YBe 2| 52070} 103.30| 0.0940 |1C.00(1l63.30
11 23 G8.0( 52470 127410 0.0670 [10.00(127.10

12 4 9T7T.7) 52.80 3.30} 0.0390 [10.00 1.92
13 25 97 e4| H2.90 1.90| 0.0230|10.00 1.038
14 2o 97.21 52.10 G.80| 0.0084 10.00 Jae50
1 150 G6.5| 48.70 l.70] 0.0005 ] L.0O l.68
2 1bl G6ebH| 48.80 2.90] 0.0033 | 1.00 2.77
3 152 Y6 eS| 444490 3.00[ 0490123 ] 1.0V 2453
4 193 96«5 49.20 4.80] VU191 1.00 4.09
5 154 Fbebv| 49.4d 510 0.0330 | L.0U 3.638
6 155 G645 49.60 610 0.0510| 1.00 4.23
7 156 96.0| 49.7C 6.60[ U.C590 | 1.00 445
8 157 YOeb| 49.90 B8.70] G.U71C | L.00 6.17
Y 1538 Joabvl 5C.1C| lole3C}] 0.0960 | L.00|161.30
10 156 965 50420 127.90] 0.0740] 1.00}127.50
i1 logC 6.5 50.3C 6.10] 0.0540| 1.00 4415
12 1leol J6.2| 5C.40 4.40| D.0390( 1.00 2.G7
13 162 Jo.5 5C.50 3.70] G.0240 | 1400 2.32
14 163 S6e5| H0eH0 3.60( 0.017C} 1.00 2490
15 lo« G6e5| SU.b0 24801 0.0098 | 1.00 2444
1€ 165 96.5] 5C.60 1.3C| V.0V27} 1.00 1.20
L 2715 96.9 | 52.92 Lo34] 0.0012 1 1.00 1.30
2 27}7 Gb.8] S2.82 1.89] 0.0C4G6 ) 1.00 1.71
3 2718 7.3 52.80 1.99] 0.0094 | 1.00 1.65
4 271¢ 97.2( 52.92 2433 0.C175 | 1.00 1.70
5 2720 Gla9) H2.09 268 U.0278 | 1.00 1.70
6 2721 F71.9] H2.389 310 De0366 | 1.00 1.80
1 2722 77| 5H2.94 3.55| 0.0491 | 1.90 L.81
8 2723 9Tad} Slevd 3.90| U.0584 | 1.00 1.83
9 2724 98 .1| 524942 4.19] V.0633 ] 1.00 1.97
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TABLE T.

- Continued.

THICK CHROMEL A HEATER

DATA TABUTATIONS FOR 0.006-INCH-

[When temperature difference across heater thickness
is small compared to absolute temperature, value
of column 4 is utilized.]

Run Pres- Tem- Differ- Heat Num- | Tempera-
sure, pera- | ence be- flux, ber ture dif-
P, ture, tween q, of | ference,
1b/sq T, | wall and| Btu/(sq | g's, AT,
in. abs °R bulk |in.)(sec)| n °R
temper-
atures
as read,
Ty = Tps
°r
1 2730 122.0 | 55.41 De.B4| 0.N0L13 | 7.60 Ue BT
2 2131 121l.4 | 55.49 D90 0.004C | 7470 Q.76
3 2732 1217 | 55.52 0.92| D.OUTC | 770 0.68
4 217133) 121.95 | 55595 JeB8¥| 0.0097 [ 7.70 U.54
5 2734 121.1 | 55.69 1.23| v.0141 | 7.70 C.75
6 2735) 121.4 | 55.06 1.55| 0.0222 | 1.7C6 V.79
7 2736 122.0 ] 55.060 2.02| 0.0328 | 8.00 J.90
8 2737| 122.0 | 55.76 2.24| 0.0433 | 28.00 0.77
G 2738 121.4| 5%.386 3.00] 0.0521 | 3.00 1.24
10 27139 121.9 | 55.463 3.73| U.ub68 | 8,00 1.82
11 2740 121.7 | »5.72 2.94| 0.0417 | 8.00 1.53
12 2741 121.7 | 55.76 l.87] 0.U236 | 8.00 1.07
13 2742) 121.2 | 5b.33 l.31] 0.005%6 | 8.00 1.12
L 2745 123.&6| 52,01 le39| 00015 | 1.00 1.33
2 27146 123.t | 52412 2e4l| 0.003€ | 1.00 2.28
3 2747 123.5 | 52.27 2.92| 0.U066 | 1.00 2.638
4 27481 123.6 | 52450 3.52| 0.0013 | 1.00 3.47
5 2749 124.0 | 52.00 3.83 0.0022 | 1.00 3,74
6 27501 124.0 | 2473 3.91] Q.0337 [ 1.00 2.72
T 27151 124.0 | 52.94 4432 0.,043C [ 1.00 2.82
B8 27152 123.8 | 53.10 51| 0.0530 | 1.00 3.563
9 2753 124.2 | 53.23 1039 0.0650 | 1.0V B.23
1C 27548] 122.3 | 54.49 Q.71 0.0016 | 1.09 UeH5
1L 2759 122.7 ] 54.55 L+10] 0.0044 | 1.00 0.94
L2 27601 122.7 | 54.92 1.30| 060079 | 1400 L.02
132 2761 122.7] 54.98 l.66] 0.0112 | 1.00 lL.27
14 2762 122.9 | 544696 2.10( 0.0173 | 1.00 1.50
15 2763 122.7} 54.1714 24900 N.0275 [ 1.09 1.96
16 2764 122.9 | 54.176 4403 0.U37C | 1.00 2.717
17 2765) 122.4 | 54.91 567 0.,047C | 1.00 4,09
18 2766 122.7| Ya.4> T+33] 0.055C [ 1.00 5.51
19 2767| 122+€ | 54.90 1le621 00630 | 1.00 Ye b




TABLE T.

- Continued.

THICK CHROMEL A HEATER

DATA TABULATIONS FOR O.006-INCH-

[When temperature difference across heater thickness
is small compared to absolute temperature, value
of column 4 is utilized.]

Run

65
66
61
68
69
70
71
12
75
1o
17

(&}

———
N~ C CR NI UT Dwnn -

3081
3082
3C832
3Go4
3085
3086
3C90
3091
3092
3093
3094
3095
3096
3067

et
CVUvm~N0 UL

— e e P
S WA~

3171
3112
3173
3174
3175
3176
3182
3183
3184
3185
3186
3187

b =
Ne-COE~W!DWwN-

Pres-
sure,

P,
lb/sq
in. abs

131.6
131.7
131l.9
131.9
132.2
132.¢
132.17
L32.¢
132.1
132.2
132.0
131.9

168.46
169.3
16944
169.3
165.8
165.7
170.0
166.7
169.7
169.5
l69.5
1694 ¢
169. 4
169.3

167 .3
168.2
168.6
168.48
166.9
163.4
170.1
170.1
169.5
17C.0
1706.0
169.9

Tem-
pera-
ture,
T,
°r

55443
55.00
55,60
55,70
H9.7C
55 .50
55.90
59,90
PYPRVV]
h6.10
96,00
50010

5G.19
59.10
595.14
56,217
95.24
56,30
59,24
56.217
56,29
5G.40
59449
56.21
59.33
5G.25

57.98
58.04
58.16
58. 34
58. 38
58.43
55.08
5G6.(8
5%.16
55427
5%.23
5G.19

Differ-
ence be-
tween
wall and
bulk
temper-
atures
as read,

Ty = Ty
©R

0.60
1 - -’()
2.00
2.20
34390
.00
10.80
Y950
2.20
1.50
1.20
Ue50

17.89
839405
Ll4.49
137.72
167413
184457
179.61
152.47
132.47
113.22
37.C1
H2.16
63.20
43,78

24.47
46.36
80.11
117.87
154.72
175.54
1861.14
139.91
101.10
48.61
17.82
Q.21

Heat Num- | Tempera-

flux, ber |ture dif-

q, of |[ference,
Btu/(sq | g's, T,
in.)(sec n °R
0.0009 |1.00 CeB7
0.0374 | 1.00 L.45
V.UL80 | 109 1.33
V.0230 |1.00 1.42
0.0330 |1.00 2.19
U.0500 | 1.00 7.19
0.0650 | 1.00 B.T73
0.N530 | 1.00 7.59
0e0220 | 1.00 l1.45
0.UL10 [1.00 l.14
0.0045 |1.00 1.05
0.0017 |1.00 Q.44
0.0120 [ 1.00| 17.5%
0.U398 | 1.0C| 89.05
DeV4T4 | 100| 114449
DedS514 | 1.0C[237.72
Jed6l3d | leOU| 167613
0.0685 | 1.00|184.67
Je0686 | 1.00(179.61
00599 | 1.001152.47
0.0521 | l.0U|132.47
C.C453 | 1.00|113.22
0.0401 | 1.00] 97.C7
0.0360 | 1.00| d2.16
040291 | 1.0C)] 63.20
0.022G [ L.0C| 43.78
0.015L | 1.00] 24.04
0.0259 | 1.00| 46.36
0.040C | 1.00] 80.11
0.0517 | 1.00(117.87
0.0622 | 1.00|154.72
0.0721 { 1L.0C|175.54
0.0728 | 1.00(18l.14
0.0550 | 1.00[139.91
0.0442 | 1.00(101.10
0.0256 | 1.00] 48.61
0.0116 | 1.00] 17.48
0.0057 1.00 0.02
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TABLE TI.

- Continued.

THICK CHROMEL A HEATER

DATA TABUIATIONS FOR 0.006-INCH-

[When temperature difference across heater thickness
is small compared to absolute temperature, wvalue
of column 4 is utilized, ]

Run Pres-
sure,

P,
1b/sq
in. abs
1 3068 169.5
2 3066 16G.7
3 3067 169.5
4 3068 169.8
5 3069 169.5
6 3070] 169.9
7 3071 169.9
8 3072] 169.¢
9 3073 169.3
10 3075 169.1
11 307¢| 168B.SG
12 3077 l68.8
13 3078| lo68.8
1 8l 174.0
2 82| 174.1
3 83| 174.1
4 84] 174.1
5 96| 174.6
6 86| 174.9
1 87 174,38
8 88| 174.7
9 89| 174.6
1u YUl 1746
11 9L 174.5
12 G2 174.4
13 G3|l 174.5

Tem-
pera-
ture,
TJ
OR

59,13

5622
5G.15
5G.23
59.19
5G.19
56.21
5G6.61
5G.36
6040
60644
6C. 71
6Ce84

58.70
58,70
58,70
96430
98,99
58.950
55.00
5G. 10
56.00
b5.20
5Ge 20
56.1C
59.20

Differ-
ence be-
tween
wall and
bulk
temper-
atures
as read,

T = Tpo
°r

13.29
ol.95
84.33
105.85
107.12
141 .49
193.87
168.381
132.73
108.94
101.88
90.17
8l.17

0.60
Ua9U
l.4U0
11.20
18.70
59.70
S56 .60
57.0C
36.4C
10.70
3.20
(.80
0,40

Heat
flux,

a4,
Btu/(sq
in. )(sec

0.010¢6
0.0381
0.0450
0.0548
0.0616
0.0703
0.0788
D.085¢
0.C633
0.0496
0.0454
Je.0394
0.0350

00,0017
0.0040
0.0064
J.0121
U.020C
0.026C
0.035¢C
CaU230
0.01860
3.0120
Ne 0094
0.00617
D.0012

Num-~

ber
of

g's,

{ .89
7.80
7.89
71.80
7.80
7.80
7.80
7.30
7.80
7.80
7.390
7.80
7.80

1.00
1.90
1.00
1.00
1.00
1.0C
1.20
1.0C
1.C0O
1.00
1.00
1.00
1.00

Tempera-
ture 4if-
ference,
AT,
OR

12.938
67495
84.33
105.85
107.12
141.49
153.87
163.81
132.73
1C8.94
101.38
90. 17
9117

G.55
0.77
1.19
10.83
18.12
59.70
G6.60
57.00
35.92
10.33
2eG0)
Co.54
0. 36




TABLE T.

- Continued.

THICK CHROMEL A HEATER

DATA TABULATTIONS FOR O.006~INCH-

[When temperature difference across heater thickness
is small compared to absolute temperature, value
of column 4 is utilized,]

Run

185
186
187
188
189
L90
191
192
193
194
195
196
197
168
199
20C

OCOo~NOCWUL D W -

Lot ol S Sl o
cCwnmdHwWNN—~O

73

75
76
17
80

o wn DS e

X}

96
100
101
102
103
104
105

[« I s R Y

3200
3401
3202
3203
3204
3205

v W

Pres-
sure,

P,
1b/sq
in. abs

182.3
182.3
182.3
182.3
182.3
182.3
182.3
182.3
182.3
182.2
182.0
182.0
182.0
181.7
181.7
181.4

190.38
190.8
190 .8
190.4
190.8
190.8

194 .4
194.4
194.4
194 .4
194 .4
194 .4
194.4
194.4

211.8
212.3
212.2
212.5
212.06
212.48

Tem-
pera-~
ture,
T,
SR

55,60
55.60
55,00
55.80
H5.90
56.CC
56410
56.2C
56640
S6.30
56.30
56480
5640
56680
57.300¢
9700

56.30
bbe 4
5G4
Hbenl
S56.6C
5720

5640
56650
56e5C
56.6C
56+ 480
56440
5710
57.2C

55.46
59.65
55.86
56429
50059
56.38

Differ-
ence be-
tween
wall and
bulk
temper-
atures
as read,
T -T,
WFB b

3.3C0
4 .80
6.65
36,60
50630
T1.2C
105.80
154,70
189430
150.80C
125.40
8750
5600
10.45
2449
1.70

140
Z3.60
64410

134.5%0
183.0C
234 .60

2430
3.20
19.30
41.50
18.90
11550
158.20
110.40

3.9%
7.51
22.02
44,53
18.08
110.33

Heat Num-~ Tempera~

flux, ber ture dif-

a, of ference,
Btu/(sq |g's, AT,
in.)(sec)| n °r
0.0015 | 1.00 3.25
0.0069 | 1.00 4.57
0.010C | 1.00 6.32
Ve.u200 1.00| 39.06
D.0230 [ 1.0C| 50430
0.027C [ 1.G6C| 71.2¢C
0.0370 [ 1.093(LC5.80
De540 | 1a00|154.7C
Ce0650 [ 1.00(189.30
0.0530 | 1.00(150.8¢C
0.0430 [ 1.00([125.40
0.033C [ 1.00| 87.50
Va022C | 1.00] 56430
0.0120 | 1.0U| 1C.07
0.0004 | 1.00 2.24
0.7023 | 1.00 1.62
0.0017 1.00 l.34
0.0100 | L.00| 23.31
D.0240 | 1.0C| b4.10
Ce049C | 1.00(134.50
Qe 065C 1.C0{183.00
0.0850 1.00|234.6C
0.0016 | 1.00 2425
J.004% | 1.00 3,05
0.0099 | 1.00( 19.00
0.0170 [ 1.00] 4l1l.05
Ge.0300C 1.00] 78.90
0.042C [ 1.00[115.50
00550 ] 1.00]|1b8.2C
0.041C | 1.00(110.40
0.0021 | 7.80 3.88
0.0072 | 7.80 7.27
0.C236G | T.80| 21.3%
0.0415 | 7.80] 44.53
0.0658 | 7.80( 78.03
0.0896 | 7.80|110.33
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TABIE TI.

- Continued.

THICK CHROMEL A HEATER

DATA TABULATTIONS FOR 0.006~INCH-

[When temperature difference across heater thickness
is small compared to absolute temperature, value
of column 4 is utilized.]

Run Pres- Tem-
sure, pera-

P, ture,

1b/sq T,

in. abs| ©R

1 202 ¢12.9]| 60.20
2 203 212.9| 6G.30
3 204] 212.6 6Cae4U
4 205] 212.9| 6C.40
5 206 212.G1 6(C.90
6 207 212.9| €C.50
7 208| 212.5| 60«50
8 209 212.9| 6L.00
S 210 cl2.9 £Qe. 60
10 211 212.9] 6C.69
1 cla)] 21l4.1 54,30
2 215] 214.1| %»4.30
3 216 214.1| 54.30
4 17 2l4.1 54.3C
5 218 2l4.1| 54.3C
6 219 2l4.1| 54.3C
7 220 214.1| 54.3C0
8 221 214.1| 54.30
9 222 214.1| 54.3C
10 223 2l4.1| 54.30
11 224 214.1) 54.30
12 225 2l4.1| 54.3Q0
13 226] 2l4.1| 54.40
14 227 2l4.1| %S4.40
15 228| 219.6| 54.40
1 3190| 216.0| %2.30
2 3191} 217.0| 52.53
3 3192 217.C| 52.560
4 3193 <¢l16e.8| S.72
5 3194] 216.¢| 52.39
& 3195] 216.5| 53,08
7 3196 216.4 53.19
8 3197 216.6 53.45

Differ-
ence be-
tween
wall and
bulk
temper-
atures
as read,
T, - Ty,
SR

l.4C
5.20
13.30
30.90
52.20
$0.20
133.80
153.4C
38410
38.C0

3450
490
1.20
9.90
14.70
26 .90
41.70
54.50
10420
64 .20
96410
11%.50
133,80
70.50
26 .30

Be806
24,15
42 498
10.46
87.57

113.1¢
Ji.u7
31.2¢8

Heat
flux,

Bt&7(sq
in.)(sec)

0.0013
0.003s
0.0079
0.0173
0.0256
0.0384
0.0518
0.0637
0.0354
0.016C

J.00l 8
0.0042
0.0071
0.0093
0.0142
0.0225
0.0315
0.0407
00503
0.058¢6
V.0675
0.uU823
0.0944
0.04906
0.0223

0.0067
0.0138
0.0231
0.0358
0.0436S
0.06551
0.0450
0.0171

Num-

ber
of

g's,

1.00
1.00
L.00
1.00
1.0C
1.00
1.00
1.00
1.00
1.00

6.060
6.60
6.60
6.60
6.60
6.60
6.60
6.60
6.6C
6.60
6.60
6.6C
6.60
L.60
7.00

1.0v
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Tempera-
ture dif-
ference,
o,
OR




TABLE I.

- Concluded.

THICK CHROMEL A HEATER

DATA TABULATTIONS FOR 0.006-INCH-

[When temperature difference across heater thickness
is small compared to absolute temperature, value
of column 4 is utilized.]

Run

3208
3209
3210
3211
3212
3213

CWnmdWwN e~

232
233
234
235
236
237
238
239
240
241
242

—~ OV ~NO LS W

——

245
246
241
248
249
250
251
252
253
254

CODXD~NOUSH WN -

—

NASA-Langley, 1965 F-1985

Pres-
sure,
P,
1b/sq
in. abs

216.3
217.0
217.7
217.8
217.7
217.3

258.2
25842
25842
258.2
25842
258.2
258.2
258.2
258.2
258.2
260.06

266.0
266.0
266.C
266.C
266.0
266 .0
266.C
266.C
266.0
266.C

Tem-
pera-
ture,
I,
°R

55.78
55.92
55.92
55.98
56.15
56.21

58.70
58.70
58.170
5€.70
58.80
58.80
58480
58.80
58490
58.90
56.10

60.40
60.50
6C.50
6C.60
60.70
60.170
6C.80
6G.n0
60.80
6C.80

Differ-
ence be-~
tween
wall and
bulk
temper-~
atures
as read,

Ty gRTb:

11.35
43.71
82.72
108.54
124.56
46.C6

1.50
3.50
6.00
10.00
16.50
26.50
45420
63.20
84.70
114.80
134.60

3.60
5.30
9.70
17.60
28.30
50.80
73.70
53.00
126,00
145.50

Heat Num- | Tempera-

flux, ber | ture dif-

a, of ference,
Btu/(sq |g's, AT,
in.)(sec)| n SR
0.0072 |1.00( 11.13
0.0238 (1.00| 43.09
0.0414 |1.00| 82.72
0.0529 |1.00|108.54
00599 (1.00]124.96¢
00243 (1.00] 46.C6
0.0016 |(7.00 1.45
0.0036 |7.00 3.38
0.0064 |7.00 5.80
0.0095 (7.00 9.70
0.0156 |7.00| l16.44
00227 |7.00] 26.27
0.0357 [7.00| 45.20
0.0484 |7.00| 63.20
0.0628 |7.00| 84.70
0.0834 [7.0C|114.80
0.096S |7.3C|134.60
0.0015 |7.30 3.55%
0.0028 [7.30 5.21
0.0054 |7.30 9.54
0.0090 [7.30( 17.34
0.0146 (7.30] 27.91
0.024C [7.3C| 50.80
0.0331 |7.30| 73.70
0.0435 (7.30| S9.00
00552 |7.30]126.00
0.0690 |7.30{145.50
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“The aeronautical and space activities of the United States shall be
conducted so as to contribute . . . to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Ipformation derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Ionformation derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546



